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MOLECULAR CYTOGENETICS ter the challenge of karyotyping mouse tumors. The in-
troduction of molecular cytogenetic techniques that al-
The screening of tumor genomes using cytogenetic low genome screening based on fluorescence in situ hy-
technigues has been an important asset in cancer genet-bridization was therefore a welcome addition to the ar-
ics over the last four decades. Cytogenetic techniques mament of tools to comprehensibly describe karyotypic
allow detection of chromosomal translocations, both changes in both human carcinomas and their respec-
balanced and unbalanced, of numerical aberrations or tive murine models. The first such hybridization based
chromosomal aneuploidies, and to some extent, chro- genome screening technique, comparative genomic hy-
mosomal correlates of gene amplification, such as dou- bridization (CGH), was introduced in 1992 for human
ble minute chromosomes (dmin) and heterogeneously chromosomes [2]. The first application to murine tu-
staining regions (hsr). The identification of such cyto- mors was published in 1995 [3]. CGH allows mapping
genetic abnormalities is extremely relevant for cancer of regions of genomic imbalances onto normal chro-
genetics, because it reveals sites of recurrent changes,mosomes. This omits the requirement for metaphase
which in turn point to the genomic localization of genes  preparations from tumor cells, which is technically de-

that are involved in tumorigenesis. The comprehen-
sive cytogenetic analysis of complex aberrations of the
highly rearranged chromosomes of solid tumors, how-
ever, is extremely challenging. It is for these reasons
that the relative contribution of conventional karypo-

manding. In a first step, the tumor genome and a kary-
topypically normal reference genome are differentially
labeled with discernible fluorochromes (e.g., fluores-
cein for the tumor DNA and rhodamine for the refer-

ence DNA). These two differentially labeled genomes

type analysis using chromosome banding techniques are then combined together with an excess of unla-
has been far greater in hematological malignancies, beled Cotl DNA and hybridized to normal metaphase
which have, in general, fewer aberrations compared to chromosomes. The resulting relative fluorescence in-
the carcinomas, including beast cancer [1]. Similar tensity values reveal genomic imbalances in the tu-
challenges apply to mouse chromosomes: while human mor genome. An example of a ratio profile used for
chromosomes differ from one another in both size and the identification of genomic imbalances in presented
the position of the centromere, mouse chromosomes in Fig. 1(c). More recent advancements utilizing the
are less heterogeneous, and only few laboratories mas- availability of genomic clone collections and the ability
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to perform fluorescent hybridization to DNA immobi-
lized on glass slides have resulted in the development
of array CGH [4,5]. Array CGH has the advantage that
the detection of genomic imbalances can be performed
with higher resolution and increased objectivity (it does
not require the identification of normal chromosomes).
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Fig. 1. Examples of molecular cytogenetic analysis of mouse mammary gland adenocarcinomas. A: SKY of metaphase chromosomes from
PyV-mT induced tumors. Note that aneuploidy (aberrant number of chromosomes) is common, yet structural chromosomal aberrations are rare.
SKY also suggests that the double minute chromosomes were derived from chromosome 11 (blue labeling, white arrowheads). B: Identification
of septin 9 as the target of genomic amplification. Dual color FISH experiment with a painting probe for chromosome 11 (yellow) and a BAC
clone containing sequences for septin 9 (red). Note the localization of the normal copies of septin 9 on distal chromosome 11, and the presence of
amplified copies in the double minute chromosomes 9 (red arrowheads). C: CGH analysis of a PyV-mT induced tumor. The average ratio profile
indicates copy number increases that map to distal chromosome 11. The location of several breast cancer associated genes on mouse chromosome
11 is provided on the left side of the chromosome ideogram. D: Quantitative real time PCR for the assessment of septin 9 expression levels in
different mouse models of breast cancer. Note that septin 9 amplification is not restricted to the PyV-mT induced tumors, but is also found in
BRCA1 and her2/neu-associated carcinomas. The expression levels of her2/neu, grb2 (known to be highly overexpressed in PyV-mT induced
tumors), and rac3 were used as controls.

Another major advance for the comprehensive tal imaging to discern all chromosomes according to
characterization of cytogenetic aberrations in cancer their specific spectral signature [7]. SKY is partic-
genomes was published in 1996, when it became pos- ularly useful for the identification of structural chro-

sible to paint all mouse chromosomes in different col-
ors [6]. This technique, termed spectral karyotyping
or SKY, is based on the simultaneous hybridization
of differentially labeled whole chromosome painting

probes and a combination of spectroscopy and digi-

mosomal aberrations, such as translocations and inser-
tions, and chromosomal aneuploidies and assists in the
identification of the chromosomal origin of amplifica-
tions, e.g., those in the form of double minute chro-
mosomes. Figure 1la shows and example of SKY for
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the analysis of chromosomal aberrations in metaphase distal region of human chromosome 1p (orthologous to
chromosomes from a PyV-mT induced mammary gland mouse chromosome 4) is commonly deleted in breast
adenocarcinoma. Together, CGH and SKY now af- cancer and amplifications on human chromosome 17q
ford the characterization of cytogenetic abnormalities (orthologousto mouse chromosome 11) are common as
in cancer genomes with unprecedented precision. Both well [13]. It therefore seems reasonable to assume that
techniques have found widespread application for the both of these chromosomes and chromosomal regions
mapping of genome aberrations in cancer cells [8, contain genes that cooperate with myc in the induction
9] and http://www.helsinki.fi/lcmg/cgtata.html and of mouse mammary gland adenocarcinomas.
http://www.ncbi.nlm.nih.gov/sky/skyweb.cgi. Amplification of the her2/neu oncogene occurs in
some 25% of human breast cancers [14]. The expres-
sion of an activated form of her2/neu under its endoge-
MOUSE MODELS nous promotor results in the emergence of mammary
gland adenocarcinomas in the mouse [15]. In a follow
Cytogenetic and molecular cytogenetic analysis of up study to the MMTV-myc transgenics, we applied
cancer genomes has generated ample evidence for non-CGH and SKY to 12 cases of murine tumors induced
random, tumor specific patterns and distributions of by expression of a mutated her/2neu gene under it’s
chromosomal aberrations. In hematological malig- endogenous promotor. We were particularly interested
nancies, such aberrations often involve chromosomal in comparing the patterns of genomic imbalances be-
translocations, many of which are balanced, that point tween these two models. Similar to the myc-induced
to the localization of genes whose dysregulation causes tumors, frequent deletions that map to mouse chromo-
malignant transformation. In solid tumors of epithelial some 4 were observed. These deletions could comprise
origin, i.e., carcinomas, including breast cancers, such the entire chromosome, however, the minimally deleted
balanced translocations are relatively less frequent: the region maps to the distal portion of this chromosome.
main consequences of cytogenetic abnormalities are CGH analysis also revealed common amplification of
genomic imbalances [10]. It is obviously an intriguing  distal mouse chromosome 11. SKY clearly indicated
guestion whether these different pathways of tumori- thatthis amplification was in mostinstances due to dou-
genesis apply to murine models as well. The first step ble minute chromosomes containing numerous copies
towards an answer requires the establishment of com- of the her2/neu gene. One possible interpretation of the
parative maps of karyotypic abnormalities in human frequentamplification of her2/neuwould be that activa-
tumors and their mouse models. We have therefore tion by mutation is not sufficient for tumorigenesis, but
applied CGH and SKY to a large number of primary that increased copy numbers of this gene acquired via
mouse tumors and derived cell lines (including models genomic amplification has to occur as well. The con-
for breast, colon, and skin cancer) and to diverse mod- currentanalysis of these tumors by both CGH and SKY
els of hematological malignancies. Table 1 provides a suggests that the other observed genomic imbalances
summary of the mammary gland adenocarcinomas an- are mainly due to unbalanced chromosomal transloca-
alyzed. Our first comprehensive study of chromosomal tions and copy number imbalances of entire chromo-
imbalances in a transgenic mouse model of breast can- somes (chromosomal aneuploidies). High-resolution
cer was reported in 1999 [11]. Weaver and colleagues deletion mapping with genomic clones that contain p53
used CGH and SKY to analyze the karyotypes of eight and BRCAL indicated that inactivation of these tumor
cases of mammary gland adenocarcinomas induced by suppressor genes is not required in this model system.
tissue specific overexpression of c-myc under controlof ~ Tumor initiation in the mouse can be induced by
the MMTV-promotor[12]. It became clear thattumori- mechanisms other than tissue specific overexpression
genesis in this model, which occurs with a latency of of oncogenes. For instance, several models have been
about 11 months, required additional chromosomal ab- established in which the mammary gland specific ex-
normalities. For instance, five of the eight tumors stud- pression of viral genes, e.g., polyoma virus middle T
ied also revealed whole chromosome losses of mouse antigen (PyV-mT) or SV40 large T antigen (SV40Tag),
chromosome 4. In addition, we observed copy number resulted in tumor formation. Both transgenes compro-
increases and translocations involving chromosome 11. mise the function of the tumor suppressor genes p53
These two chromosomes were of particular interest be- and Rb solely in the tissue of interest (as opposed to
cause the orthologous regions in the human genome are p53 or Rb knockouts) [16,17]. In addition, the con-
also involved in human breast cancers. Specifically, the ditional KO of BRCAL using CreLox technology re-
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Table 1

List of five different breast cancer models analyzed by CGH and SKY
Mouse model Number of tumors ~ Publication
MMTV-myc 8 Genes Chromosomes Cancer. 1999 25(3):251-260
C3(1)SV40 TAg 9 Oncogene. 1998 17(18):2403-2411
Brcal conditional ko 15 Oncogene. 2002 21(33):5097-5107
Her2/neu (endog. promoter) 12 Oncogene. 2002 21(6):890-898
PyV-mT 26 Cancer Res. 2003 63(9):2179-2187

sults in blunted ductal morphogenesis and tumor for-
mation [18]. We therefore extended our analyses to
these model systems asking specifically whether tu-
morigenesis via oncogene overexpression compared to
tumor suppressor gene inactivation resulted in different
patterns of genomic imbalances. We first analyzed 15
tumors from BRCA1 conditional KO mice [19]. As in
her2/neu and myc induced carcinomas, we observed a
non-random distribution of genomic imbalances that re-
vealed a predilection for certain chromosomes or chro-
mosomal regions [19]. For instance, copy number in-
creases on chromosome 11 were again identified in
nine of 15 tumors and either partial or entire mouse
chromosome 15 gains were observed in eight cases. In
summary, regions of genomic copy number decrease
were consistently found on the proximal part of mouse
chromosome 11 and on distal chromosome 14.

The commonly amplified region on chromosome 11
was close to the map location of the her2/neu oncogene.
Despite the consistent amplification of this region of
chromosome 11, only a fraction of the cases actually
displayed amplification of her2/neu by FISH and im-
munohistochemical and Western blot analysis revealed

Table 2
Comparison of the ANCA-values of different mouse models of breast
cancer. The ANCA-value is derived by dividing the total number of
copy alterations by the case number. Note that only the BRCA1-
associated mouse tumors reach ANCA values comparable to human
breast cancers

HUMAN CANCERS ANCA
Colon 7.6
Cervix uteri 8.2
Colon, liver metastases 11.7
Brain 10.5
Breast 10.6
Lung 13.0
MOUSE MODELS ANCA
ErbB2 (e.p.) 2.7
MMTV-PyMT 4
C3(1)SV40TAg 5.5
MMTV-myc 5.7
BRCA1ko 14.2

nocarcinomas. However, it also became evident that
normal levels of the protein were identified in some tu-
mors, indicating that p53 inactivation might promote,
but is not required for BRCAl-associated tumorigen-
esis. In addition, amplification of myc has been ob-
served in BRCAL tumors [22], a result that was sup-

less than 25% of tumors showing overexpression of the ported by the common gain of mouse chromosome 15
oncogene. In other cases, the amplicon comprised a in eight of our tumors. In conclusion, the similarity of
region distal to the her2/neu locus, thereby pointing to BRCAl-associated mammary gland adenocarcinomas
the involvement of another potential oncogene(s). This and BRCAl-associated human cancers is supported by
finding corresponds to human breast cancer, becausea similar distribution of genomic imbalances (Figs 2
amplification of the orthologous region in the human and 3). The involvement of such specific chromoso-
genome (i.e., distal chromosome 17q) has been shown mal aneuploidies is therefore required for tumorigen-
to be independent of amplification of her2/neu [13]. esis across species boundaries, at least in this partic-
Our finding is also in concordance with results that ex- ular model. Another notable difference between the
pression of her2/neuis less frequently foundin BRCA1 BRCA1-associated mouse tumors and the her2/neu and
associated human cancer compared to sporadic carci- myc induced carcinomas was the degree of genomicin-

nomas [14,20].

p53 plays a crucial role in BRCAL induced response
to DNA damage [21]. In the tumors studied here, we
could show that the chromosomal mapping position of
p53 on mouse chromosome 11 is frequently involved
in translocations and deletions. High-resolution FISH
mapping with a p53-specific genomic clone and West-
ern blot analysis showed that p53 is indeed frequently
altered in the BRCA1l-associated mammary gland ade-

stability as established by the average number of chro-
mosome copy alterations (ANCA). The ANCA index

is derived by dividing the total number of genomic im-

balances by the number of cases studied [10]. BRCA1-
associated tumors revealed an ANCA value more than
twice as high as the oncogene-driven carcinomas (Ta-
ble 2). One could speculate that the relatively few ge-
nomic imbalances detected in the her2/neu and myc
induced carcinomas are a reflection of the fact that a
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is different.

strong oncogenic stimulus overrides the requirement
for acquiring multiple aneuploidies, such as those com-
monly observed in human carcinomas.

If this holds true, one would also expect that tumors
induced by compromising the function of the tumor
suppressor genes p53 and Rb via SV40 or PyV-mT
would be more similar to the BRCA1 associated tu-
mors, at least with respect to the ANCA value. We
therefore analyzed by SKY and CGH 26 PyV-mT in-
duced tumors and eight SV40Tag induced tumors [23,
24] and Difilippantonio, personal communication. The
results showed that, contrary to the initial prediction,
both models have an ANCA value that is more similar
to the one in carcinomas induced by oncogene over-
expression. However, this conundrum can potentially
be explained: in both models induced by mammary

i
| H [l
|I l E"|

Fig. 2. Summary of CGH analyses of five different mouse models of breast cancer. A non-random distribution of genomic imbalances, e.g.
recurrent losses on chromosome 4 and gains of distal chromosome 11 and chromosome 15 is evident. Note that the number of cases per models
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gland specific expression of viral genes, the cytogenetic
profiles suggested strong and localized genomic am-
plifications. In the SV40Tag model, these amplifica-
tions mapped to distal mouse chromosome 6, and were
shown to result in genomic amplification and overex-
pression of the k-ras oncogene, which was commonly
presentin the form of double minute chromosome [24].
This was possibly attributable to the integration of the
SV40 large T-Antigen transgene in proximity to k-ras.
In the PyV-mT induced tumors, we observed re-
current amplification of distal chromosome 11, caused
again by multiple double minute chromosomes. High-
resolution mapping in this chromosomal region led to
the identification of a single BAC clone that labeled
the double minute chromosomes (Fig. 1b). This BAC
clone contained sequences for the septin 9 gene. Quan-
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Fig. 3. Projection of CGH results of human sporadic and BRCAl-associated breast cancers on mouse chromosomes. The dark gray indicated the
relative involvement of chromosomal regions in gains and losses in sporadic human breast carcinomas, black the same data for BRCAl-associated
tumors. The light gray bars reflect the relative involvement of mouse chromosomal regions in the BRCA1-associated murine tumors. With the
exception of mouse chromosomes 4 and 18, similar genomic loci are involved in human and mouse tumors.

titative RT-PCR established highly increased expres- compared to sporadic breast cancers [28]. Figure 2
sion levels of this gene (see Fig. 1d for presentation of summarizes the CGH profiles of the mouse tumors dis-
results), a finding that was confirmed not only in other cussed here. The projection of genomic imabalances
mouse models but also in cell lines derived from hu- in sporadic and BRCA1l-associated human breast can-
man breast cancer that showed genomic amplification cers on the mouse genome, and the results of CGH
of 17923 (orthologous to mouse 11) [23]. The fam- analysis of mouse BRCA1l-associated mammary gland
ily of septin genes is involved in a plethora of cellular adenocarcinomas are shown in Fig. 3.

processes, including cytokinesis in yeast and vesicle

transport, and possesses GTPase activity [25]. Septin

9 is also activated by way of chromosomal transloca- COMPARISON TO HUMAN CANCERS

tions in acute myeloid leukemia [26,27]. We therefore

propose that the SV40 induced genomic amplification ~ Human carcinomas are defined by a non-random, tu-
and overexpression of k-ras and early amplification and mor specific distribution of chromosomal aneuploidies
overexpression of septin 9 in these models generates and resulting genomic imbalances. In breast cancers,
enormous amounts of transforming genes, and hence afor instance, copy number increases of chromosome
genetic environment that is similar to the her2/neuand arms 1q, 8q, 17q and 20q, accompanied by losses of
myc-induced cancers. As in these models, the acquisi- chromosome arms 8p, 13g and 17p are common [13,
tion of multiple genomic imbalances is less important 29,30]. These aneuploidies are acquired sequentially
than in the BRCA1-associated mouse tumors. Another during tumorigenesis and can emerge in an otherwise
contributing factor to the elevated degree of genomic stable, diploid genome [31]. The first such aneuploi-
instability in the BRCA1-associated mammary tumors dies can be detected in premalignant dysplastic lesions.
could relate to the role of BRCA1 in DNA damage re-  Crude aneuploidy, as evidenced by heterogeneity of the
pair. BRCAl-associated human breast cancers also dis- cellular DNA content, occurs at later stages of tumori-
play increased numbers of genomic imbalances when genesis, and so do high-level amplification of genomic
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loci that contain oncogenes [10]. The acquisition of
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not endorse of refute one or the other hypothesis with

these early genomic imbalances can be associated, andcertainty. However, using human chromosome 8 as an

is probably facilitated, by the impairment of surveil-

lance mechanisms of genomic integrity, for instance by
the infection of cervical epithelial cells with high-risk

papilloma viruses (HPV), which are necessary, but not
sufficient requirements for tumorigenesis. In the ab-
sence of oncogene amplification at early steps of cel-
lular transformation and tumorigenesis, emerging can-
cer cells therefore need to acquire multiple genetic in-
sults, that are reflected in increasing numbers of chro-
mosomal aneuploidies and gene mutations. An a priori

example, it seems clear that the region that contains the
c-myc oncogene is the most important target for gain
of this chromosome. The murine orthologous region
(bands 15D) is the most commonoly gained in mouse
mammary gland adenocarcinomas. Other regions on
human chromosome 8 appear to be less important.

Our results suggest that the distribution of genomic
imbalancesin human breast cancer and the mouse mod-
els analyzed here is most similar in the mammary gland
adenocarcinomas induced by conditional inactivation

strong oncogenic stimulus, such as the overexpression of BRCA1. The models induced by oncogene over-
of her2/neu and myc under tissue specific promoters, expression reveal fewer of the human breast cancer
or the SV40 induced genomic amplification and over- defining chromosomal aneuploidies. It will be reveal-
expression of k-ras that are used to induce mammary ing in this respect to comprehensively study the re-
gland tumorigenesis in transgenic mice, is usually not spective consequences of chromosomal aneuploidies
observed. Thisin turn, could explain the scarcity of ge- on global gene expression patterns in both human can-
nomic imbalances in these models. These observations cer and mouse models. Gene expression profiling al-
are corroborated by recently published evidence that lows discrimination of some murine models of breast
strong oncogene expression can cause cellular transfor- cancer [35]. Future studies will have to integrate both
mation [32]. Suppression of oncogene expression in maps of genomic imbalances and global gene expres-
these models systems then results in reversion of the tu- sion profiles to help understand to which extent these
morigenic phenotype, which persists unless additional differences are attributable to the different patterns of
secondary karyotypic changes are acquired [33]. chromosomal aberrations in the respective mouse mod-
The strict conservation of the pattern of genomic els. In addition to the comprehensive molecular cy-
imbalances in human cancers could also suggest that togenetic analysis of mouse models of breast cancer,
tumorigenesis in the respective tissue context in the we have also extensively mapped cytogenetic aberra-
mouse would require the acquisition of corresponding tions in mouse models of hematological malignancies.
genomic imbalances. The projection ofimbalances ob- The comparative mapping of these aberrations is more
served in human breast cancers onto the shuffled mousestraightforward. For instance, elimination of genes in-
chromosome would therefore reveal a similar distribu- volved in the repair of DNA damage, such as Ku80 and
tion. For example, both sporadic breast cancers and ATM result in lymphomas that faithfully recapitulate
those associated with BRCA1 mutations, very com- the genetic events in human disease: dysregulation of
monly carry extra copies of the long arms of chromo- c-myc via translocation to the IgH locus [36] or T-cell
somes 1 and 8 [34]. See Fig. 3 for details. Itisayetun- receptorrearrangements[37]occurin both human lym-
resolved fundamental scientific question whether breast phomas and mouse models thereof [1]. This might be
carcinomas (or other tumors) require the low level tran- a reflection of the relative “simplicity” of karyotypic
scriptional gain of all or most genes on these chromo- changes in some hematological malignancies, in which
somes, or whether the acquisition of these tissue spe- recurrent chromosomal translocations are sufficient to
cific chromosomal aneuploidies merely serves as the trigger malignant transformation.
vehicle for the low copy number increase of one or a In summary, the comprehensive molecular cytoge-
few tumor promoting genes, with the remainder of the netic analysis of mouse models of breast cancers has
genes residing on these chromosome merely coming shown that tumorigenesis requires, as in human can-
along for the ride. If the first hypothesis applies, than cers, the acquisition of distinct genomic imbalances.
one would expect that all or most of the orthologousre- Some of these imbalances are common to all analyzed
gions of chromosomes gained in human cancers, would mouse models, such as frequent copy number losses on
be subject to copy alterations in the mouse models as chromosome 4. However, distinct differences exist as
well. Alternatively, only a few corresponding regions well. The projection of the maps of genomic imbal-
(i.e., those containing the relevant oncogenes)would be ances identified in human breast carcinomas onto the
affected. Based on the analyses discussed here, we canimouse genome shows that a considerable proportion of
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genomic imbalances occur in both species, however,
the comparative maps do not result in “mirror” images

of genomic imbalances. That being said, the BRCA1-
associated mouse tumors reveal a distribution of ge-
nomic imbalances and a level of genomic instability

that is most similar to human breast cancers.
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